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Chapter 1
Development of a Sensitive Assay to Monitor Diatom Growth in Freshwaters

1.1 Abstract

Grand Lake St. Marys in Northwest Ohio provides the towns of St. Marys and Celina with
recreational uses, tourism dollars and most importantly serves as the main water supply for town
of Celina. However lake eutrophication has resulted in numerous chronic blooms of a toxic
cyanobacterium, Planktothrix sp. As a result, tests are being done to see whether conditions can
be manipulated so that the toxic cyanobacterium can be replaced by a more benign algal
community dominated by diatoms. Diatoms are eukaryotic algae that have a silica cell wall;
therefore the amendment of lake water with silica may enhance the growth of a small, but
detectable endemic diatom population. This cellular property enables the measurement of silica
deposition into diatom cell walls as a consequence on the silica amendment. Specifically, the use
of the fluorogenic dye LysoSensor® YellowBlue DND-160 allows for rapid assessment of the
effectiveness of silica additions to Grand Lake water samples or portions of Grand Lake
designated for silica treatment. Newly formed diatom cell walls are detectable by virtue of their
fluorescence, because the Lyso Sensor dye is specifically incorporated into the silica matrix of
the wall. Thus the stimulation of the diatom community is directly measured by fluorescence. In
the assay, the diatoms are exposed to the LysoSensor dye and allowed to incubate for 24 hours.
Upon the completion of the incubation period, the samples are then processed to remove the
organic material except for the stained cell walls that are then analyzed by fluorometry. So far,
results have demonstrated small but noticeable growth in the diatom population. Microscopy has
revealed more than 90% of the diatoms have incorporated the dye in the test samples.

1.2 Background and Overview
Grand Lake Saint Marys was originally part of the Great Black Swamp located in northwest
Ohio. The need for a water supply of the growing towns of St. Marys and Celina resulted in a
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portion of the Black Swamp to be dammed to produce a small reservoir in the early 19th century.
Subsequently, the lake was used to deliver water to inland canal systems in both the Great Lakes
and Mississippi drainages. Currently Grand Lake St. Marys provides the towns of St. Marys and
Celina with recreational uses, tourism dollars and most importantly serves as the main water
supply for the town of Celina (Lake Improvement Association).

Currently the lake is eutrophic, having water abnormally rich in organic and inorganic nutrients,
due in part to runoff of nutrients (especially phosphorus) from local farms. The Grand Lake
Watershed is one of the most agriculturally active areas in the nation. The farm animals in the
Grand Lake Saint Marys watershed produce 600,000 tons of raw manure each year, which
requires 81,000 acres of land area to remain within EPA recommended guidelines. There are
only 48,000 acres of watershed land area available to filter the manure; therefore the excess
manure runs off into the lake. Subsurface drainage tiles below local farms also act as a highway
allowing for phosphorus to quickly enter the lake. Additionally, any manure that is applied to
farms in the watershed during wintertime will be quickly transported to the lake via melting
snow. Another source of pollution for Grand Lake St. Marys is industrial and commercial
drainage. Some sources are directly piped into the lake via industrial and residential
channels. Examples include septic tanks, packing plants and the lack of community sewage
treatment facilities. Finally, the increasing development of houses around the lake leads to a
decrease in local plant life, creating erosion of the shore line (Ohio EPA).

The eutrophic conditions promote blooms of toxic cyanobacteria, and as a result, the lake is no
longer usable for recreational purposes, creating a serious loss of revenue to local business and a
decline in drinking water quality in the city of Celina. Planktothrix sp., the major cyanobacterial
species found in the lake, is quite toxic because it can release microcystin,a powerful toxin that
affects the liver of the target organism. When Planktothrix sp. Blooms die, their cells lyse and
release microcystin which is harmful to any organism that ingests the water.
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(a) (b)

Figure 1: Phosphorus sources in Grand Lake Saint Marys
Figure 1 demonstrates the various sources of phosphorus attributed to the cyanobacterial bloom
outbreak in Grand Lake St. Marys. Figure 1a shows a breakdown of the various sources of the
phosphorus and at what percentage of the phosphorus contributes to the lake problem. As one
can see, animal concentration areas and agriculture land make up over eighty-five percent of the
phosphorus. However, there are others sources that can be addressed to reduce nutrient loadings
into the lake. Figure 1b demonstrates the extent of the agricultural problem. The extensive
agricultural activity south of the lake is the main source of the phosphorus in Grand Lake St.
Marys.
1.3 Introduction
Due to my proximity to the lake, I have an interest in maintaining the water quality in this
valuable resource. My findings will assist those fighting toxic algae in other bodies of water,
such as Lake Erie. My work focuses on developing methods aimed at switching the harmful
algae blooms to non-toxic blooms of diatoms. Diatoms are eukaryotic algae that have a silica cell
wall; therefore the amendment of lake water with silica may enhance the growth of a small, but
detectable endemic diatom population (see Chapter 2). This cellular property enables the
measurement of silica deposition into diatom cell walls as a consequence of the silica
amendment (Watkins). Specifically, the use of the fluorogenic dye LysoSensor® YellowBlue
DND-160 allows for rapid assessment of the effectiveness of silica additions to Grand Lake
water samples or portions of Grand Lake designated for silica treatment. This dye has been
previously used to test diatom growth in the oceans but has not yet been used in freshwater
diatoms. Newly formed diatom cell walls are detectable by virtue of their fluorescence; thus the
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stimulation of the diatom community is directly measured by fluorometry. My methods will then
be used to test the effectiveness of several different treatments to the lake with the possible goal
of converting the harmful algae bloom to a diatom based community.

1.4 Methodology
The detection of growing diatoms is achieved with the fluorescent stain PMDPO. Diatoms have
a cell wall that is in large part composed of silica, and diatoms incorporate the dye as part of the
silica matrix. Other algae do not incorporate the dye. Therefore, by staining lake water with
PMDPO, the higher the fluorescence, the more growing diatoms are present in that sample.

First, it is important to sample water from different locations and times of the year. Three areas
of the lake were tested. One set of samples was obtained from the channel to the water intake of
the water treatment plant for the city of Celina, labeled GLSM-1. Another sample group was
taken from the West Bank Marina located in the northwest portion of the lake, labeled Marina-1.
Finally a group was taken from the North-East Marina, labeled Marina-2. It is important to note
that these samples were taken from physically isolated areas of the lake where testing is done.
Samples were also taken at different times of the year. Samples were taken on September 24th,
October 15th and December 1st all in 2010. This was done to observe diatom growth at different
times of the year and during different seasons when temperature and nutrient loadings differ
among sites.

Additionally it is important to determine the amount of PMDPO that must be used to stain each
sample. In this experiment, six conditions were established, each with 25 mL from the three
different areas of Grand Lake St. Marys, GLSM-1, Marina-1, Marina-2. A 100 µM stock
solution of PDMPO was prepared by adding 50 µL of the 1M PDMPO to 450 µL of distilled
water. The six samples were then treated with 25 µL of the 100 µM stock solution creating the
concentration of the sample to have 125 µM PDMPO. Two other samples, one from the intake
plant and another from the west bank marina where treated with 100 µL of the 100 µM stock
making the concentration of these samples to be 500 µM PDMPO.

5

A ‘kill’ control composed of dead diatom material was made with the six samples; (two from
GLSM-1, Marina-1, Marina-2) were treated with 800 µL of glutaraldehyde first then stained with
25 µL of the 100 µM stock solution, giving each control sample a resulting concentration of 125
µM. In the control samples the glutaraldehyde will prevent the growth all living material so the
dye, PDMPO, cannot be incorporated into biomass. This control was intended to provide a
baseline measurement for fluorescence.

A final assay was performed with water taken from the December, Marina-2 sampling in which a
control group of water was stained with 125 µM concentration of PDMPO (A-1,A-2).
Additionally December Marina-2 water with added nutrients including 105 µM silica, 7 µM
phosphorus and 112 µM nitrogen was stained with 125 µM concentration of PDMPO (C-1,C-2).

After a 24 h incubation period, 20 mL samples were filtered onto a 3 micrometer filter rinsed
with Milli-q water (Millipore), and then soaked in 10% hydrochloric acid for five minutes. After
soaking, the samples were rinsed again with Milli-q water and transferred into glass test tubes
were they were frozen and saved for further testing. The remaining five milliliters of the samples
were filtered onto a 3 micrometer filter then mounted onto a slide to be observed by
epifluorescence microscopy.

Samples were then removed from the freezer and the test tubes with the filter paper with filled
with 8 mL of 0.2 M of sodium hydroxide. The samples were placed in a water bath of boiling
water for an hour. After spending an hour in the water bath the samples were placed on ice and
neutralized with 2 mL of 1 M of hydrochloric acid. Upon the neutralization of the samples,
fluorescence was measured in a Turner TD-700, the excitation wavelength was 370 nm and the
emission was read at 530 nm. Once the fluorescence was measured, the results where then
compared to a standard curve where a known concentration of PDMPO was plotted against the
raw fluorescence value. The results from the three trials are shown below.
1.5 Results and Discussion
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Figure 2. PDMPO concentration of the three different marianas throughout the sampling season.
The time and location of the samples is vitally important as shown in Figure 2. During the first
two sampling dates, the GLSM-1 samples had the most average diatom growth. The two marinas
had nearly similar growth across all three sampling dates. This showed that there was gradual
diatom growth during the month. However, during the December sampling, average diatom
growth decreased. The probable cause for this is due to the significant decrease in lake
temperature the lake undergoes from the fall to winter.

Figure 3. Final and initial concentrations of PDMPO in the GLSM location.
The next issue to be addressed pertains to the ideal concentration of PDMPO to be used for each
sample. Two concentrations were used, 125µM and 500 µM. Figure 3 demonstrates each
7

concentration from each sampling at the GLSM-1 location. The results gathered are variable, as
the first two of the 125 µM samples produced high fluorescence while during the December
sampling the 500 µM samples produced a higher fluorescence then the 125 µM. With these
results it was impossible to draw a conclusion prior to fluorescence microscopy (Figure 4).

Figure 4. Concentration of PDMPO of various lake samples compared to the actual diatoms per
mL of lake water
The actual physical count of diatoms per mL of water was determined by using the average
amount of diatoms per field of view (FOV) on the epifluorescence microscope, multiplied by the
total number of FOV on the filter and then divided by the total number of mL filtered onto the
filter (5 mL). In Figure 4 we see that there is a linear relationship between the amount of
PDMPO detected and the actual physical count of diatoms counted on the epifluorescence
microscope.
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(a)

(b)

Figure 5. Two stained diatoms surrounded by filamentous cyanobacteria, Planktothrix spp..
All diatoms detected in the 125 µM treated samples have incorporated the dye. This means that
samples treated with 500 µM of PDMPO were given an excessive concentration of dye, helping
to explain the variable results observed. (a) GLSM-1 B 125 µM 9/16/10. (b) Marina-2 A 125
µM taken 09/16/10

Figure 6. Glutaraldehyde controls in each of the marinas through the sampling season.
In the glutaraldehyde samples, contrary to what was expected these samples produced
fluorescence as seen above. The purpose of the glutaraldehyde was to kill but preserve all living
cells to prevent the intake of PDMPO. Therefore the kill samples would produce no
fluorescence. However in each trial emitted a different amount of fluorescence. An assay was set
up to test if glutaraldehyde was able to increase the emission of PMDPO. However water
stained with 125 µM of PMDPO had a final had no difference in fluorescence then
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glutaraldehyde stained with PMDPO. The actual reason for this is due to the fact that
glutaraldehyde increases auto fluorescence. Glutaraldehyde treated samples were discontinued
for the December sampling.

Figure 7. Artificially enhanced fluorescence of the cyanobacteria following glutaraldehyde
treatment.
Glutaraldehyde increases the natural fluorescence of living material, so the fluorescence does not
arise from the diatoms; the fluorescence is emitted from the cyanobacteria. In the middle is a
diatom that is red, the color is due to the production of chlorophyll autofluorescence, therefore it
can concluded that the diatom did not incorporate the PMDPO and the fluorescence is in fact due
to the effects of glutaraldehyde. Picture of Marina-1 A taken 10/10/10.

(a)

(b)

Figure 8. Nutrient enriched growth
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The results from the nutrient enriched assay proved to be quite promising. While the overall
growth of diatoms was still less than 1%, the nutrient enriched samples showed a nearly twofold
increase in fluorescence emitted, demonstrated in (a) diatoms per mL as shown in (b). However,
growth has the potential to be greater. The samples were taken during December, as shown
above had significantly less diatom growth. Summer sampling should prove to be quite more
promising.

1.6 Conclusion
Despite all this, the overall growth of the diatoms is still not significant because even in the
greatest uptake of PDMPO, only 0.8% of the dye was absorbed. In fact, once all the samples
were viewed under a microscope, very few diatoms were counted that had not picked up the
PDMPO. This means that the reason as to why such low results were observed is due to the lack
of diatoms, not because the diatoms are not picking up the dye. There is a large problem still to
deal with. The findings of this project may not appear to be significant, however, we now have a
sensitive assay for diatom growth, and we can now focus on treatments to the lake that will
maximize the yield of diatoms. Such strategies will involve the amendment of silica and nitrate
to the lake water, as diatoms uniquely require silica, and nitrate levels in the lake are below
detection, favoring nitrogen-fixing cyanobacteria.

With this study we now know that expecting diatoms to outcompete cyanobacteria is not going
to be an easy fix for Grand Lake St. Marys. Instead, my work with the endemic diatoms
represents a first step toward understanding the factors that constrain diatom growth in the lake.
In conclusion, I have developed a sensitive assay for freshwater diatom growth, shown
differences in growth at distinct locations and dates in Grand Lake St. Marys, and discovered
that glutaraldehyde provides an increase of natural fluorescence.
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Chapter 2

Diatom Response to Nutrient Amendments of Grand Lake St. Marys

2.1 Abstract
Based on previous research that demonstrated the effectiveness of the PDMPO assay at
accurately finding the amount of diatoms present and the potential for nutrient spiked assays to
stimulate a diatom population motivated additional research into the subject area. We hypothesis
that with additional amenities such as nitrogen, phosphorous and silica the current diatom
population can be stimulated to overtake the current cyanobacteria polluting the lake. During the
summer of 2011 water samples were divided into three distinct groups, silicate amendment only;
combined silicate, nitrogen and phosphorus amendment and a control group lacking nutrient
addition. Additionally, tests were done in parallel to the sodium aluminate (alum) treatments
being performed in the lake to measure the effectiveness of the alum treatments. Our results
showed no increase of diatom growth through the summer, rather a sharp increase in May that
declined throughout the summer. Supported by the increasing silica concentration through the
summer, it is reasonable to conclude the cyanobacteria are successfully outcompete the diatoms.
The alum treatments also did not show any evidence of being able to curb future outbreaks as
they did not significantly reduce the amount of phosphorus present.

2.2 Introduction

Following up on the success of the initial studies of the PDMPO assay and the promising outlook
of added nutrients to Grand Lake samples, I continued my research determining whether a
benign diatom population could be stimulated. Based on the conclusion that warmer weather
showed more promise of diatom growth, and in conjunction with the SETGO summer research
program, water samples were obtained in the summer months of 2011, specifically from May
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through July. Because of the importance of the nutrient levels of the lake water, various chemical
levels were also measured.

During the summer of 2011 the Grand Lake community was awarded a large federal grant to
apply sodium aluminate (alum). The effects of alum have been quite positive in treating small
ponds that have been affected by cyanobacteria; however, treatments have never been attempted
at the scale of that required for Grand Lake St. Marys. Because of the ionic nature of sodium
aluminate, the compound is able to dissociate into sodium and aluminate in water. The aluminate
is then able to bind with the dissolved phosphorus in the water, effectively eliminating the
phosphorus from the water column. Initial testing of the effectiveness of the alum was performed
at several isolated marinas around the lake in the month of May, and then a large area in the
middle of the lake was treated throughout the month of June.

The locations for the summer sampling were based strongly upon the alum application. Because
the alum may have an impact on diatom growth and total biomass in general, I closely monitored
the alum treated locations. For the first month of the season alum was applied to three different
areas, Kozy Marina, Windy Point Marina, and the Camp Lagoon in State Park Grand Lake St.
Marys. All three marinas were monitored for nutrient levels throughout the season and a sample
location was chosen at the Kozy Marina to test for diatoms. For comparison, a control location
was chosen at the water treatment plant of Celina where no alum was applied to test the baseline
diatom abundance and monitor nutrient levels.
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Figure 9. Map of various sample or treatment sites on GLSM

Figure 9 shows in red the different application sites and the areas in green are areas that were
tested for diatom growth. Additionally, in the month July the middle third of the lake was
blanketed in alum (the highest portion of phosphorus was reported to be in the central part of the
lake).

During the second week of June, the alum treatment was transferred from its testing phase of the
marinas to be applied to the entire lake. During this time, sampling was shifted, a new location in
the middle of the lake, specifically at the USGS buoy (a buoy placed by the United State
Geology Society that monitors temperature, dissolved oxygen, and chlorophyll levels), was
tested for diatom concentration. In addition, a designated location at the perimeter of the alum
location was chosen to monitor nutrient levels.

2.3 Methodology

At each location designated to monitor diatom concentration 4L of water was sampled and at
each location for nutrient assays 1L of water was obtained. The water samples from each /nitrate
location were sent to Heidelberg University for nutrient analysis of ammonium, sulfur, nitrite
and silicate levels. The water for the Kozy, Buoy, and water treatment locations were then
divided into three separate treatments. Each treatment had various levels of nutrients. Treatment
A served as the control and had no extra nutrients added. Treatment B had 105 µM silica added
for the purpose of stimulating only diatoms. Treatment C had 7 µM phosphorus, 112 µM
nitrogen, and 105 µM silica added. These concentrations were based on nutrient concentrations
predicted by the Redfield ratio, a ratio of carbon to nitrogen to phosphorus that is ideal for
promoting nutrient replete conditions for phytoplankton growth.

Measurement of particulate organic phosphate provided an assessment of phosphorus
incorporation by algal seston. Arranged glass tubes (16mm x 125 mm) with plastic screw-on
caps in the stands, label the tubes. A set of 21 tubes will make up the three sets of standards
(0µM, 0.5 µM, 1 µM, 2 µM, 4 µM, 10 µM, 15 µM). Prepared the oxidizing reagent - Dissolved
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5 grams potassium persulfate (K2S2O8) per 100 mls Nanopure and warm to dissolve. Prepared
300 mL of solution. Prepared intermediate stock standard solution, by diluting 50 mM phosphate
stock solution to 1L, must be remade every ten days. Prepared standards as follows (bring to
final volume with nanopure water):
Intermediate

Final

stock

volume

(µM)

(ml)

(ml)

15

3.75

250

10

2.5

250

4

1

250

2

0.5

250

1

0.25

250

0.5

0.125

250

Conc.

Add the respective amounts of the intermediate stock into a 250ml volumetric
flask and make up the volume. (Prepare fresh)
Acid rinse GF/F filters for blanks and standards (Used 1% HCl, followed by a rinse with milli Q
water). Added 10 mL of standard to tubes for standards, add rinsed filter. Added10 mL of
nanopure to tubes for blanks, add rinsed filter. Pipet 10 mL of nanopure into sample tubes add
seston filter. Added 10 mL of persulfate to samples, standards, and blanks. Autoclaved 60
minutes on the liquid cycle. Once the autoclave cycle was finished all tubes were removed when
pressure decreased and allowed to sit overnight to come to room temperature. A color agent was
produced composed of 50 mL 5N, 5 mL Potassium Antimony Tartrate, 15 mL of Ammonium
Molybdate, and 30 mL of Ascorbic Acid. 2.24 mL of the color reagent was then added to all
tubes and was allowed to develop for 10-30 minutes. Finally a spectrophotometer was used to
measure absorbance at 880 nm with a 10 cm pathlenght cuvette.

From each treatment for each location 30 mL of water was obtained and placed in polycarbonate
tubes. At 0, 24, 48, 72, and 96 hours the in vivo chlorophyll (chlorophyll a) was measured and
recorded. From each treatment for each location 25 mL of each treatment was withdrawn. A 100
µM stock solution of PDMPO was prepared by adding 50 µL of the 1M PDMPO to 450 µL of
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distilled water. The samples were then treated with 25 µL of the 100 µM stock solution creating
the concentration of the sample to have 125 µM PDMPO.

After a 24, 48, 72 hour incubation period, 20 mL samples where filtered onto a 3 micrometer
filter rinsed with Milli-q water (Millipore), and then soaked in 10% hydrochloric acid for ten
minutes. After soaking, the samples were rinsed again with Milli-q water and transferred into
glass test tubes the remaining five milliliters of the samples were filtered onto a 3 micrometer
filter then mounted onto a slide to be observed with the epifluorescence microscope.

Samples in the glass test tubes with filter paper with filled with 8 mL of 0.2 M of sodium
hydroxide. The samples were placed in a water bath of boiling water for an hour. After 1 hour in
the water bath, the samples were placed on ice and neutralized with 2 mL of 1 M of hydrochloric
acid. Upon the neutralization of the samples, fluorescence was measured in a Turner TD-700, the
excitation wavelength was 370 nm and the emission read at 530 nm. Once the fluorescence was
measured the results where then compared to a standard curve where a known concentration of
PDMPO was plotted against the raw fluorescence value. The results from the three trials are
shown below.

2.4 Results and Discussion
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Figure 10. PDMPO concentration for bottle A after 24 h of incubation and initial silica levels
[X].

Figure 11. PDMPO concentration for bottle B after 24 h of incubation [□] and initial silica levels
[X].

Figure 12. PDMPO concentration for C after 24 h of incubation [□] and initial silica levels [X].
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Figure 13. In Vivo Chlorophyll for Bottle A after 24 h of incubation.

Figure 14. In Vivo Chlorophyll for Bottle B after 24 h of incubation.

18

Figure 15. In Vivo Chlorophyll for Bottle C after 24 h of incubation.
Seasonally, it appears that all sites tested supported higher diatom growth in May compared to
June (10)-(12). Enhanced diatom biomass during May was not correlated to dissolved silica
which increased throughout the study period (11). Rather, early diatom growth was likely
supported by other physico-chemical factors such as lower water temperatures experienced in
May. In addition for each treatment the total silica concentration increases from May to June.
This reflects the trend of the decreasing diatom population. As the diatom population decreases
the need for silica also decreases, therefore an increasing amount of silica is expected.

In treatments B and C where a silica amendment was performed, we observed no difference
between alum-treated, and control sites in terms of stimulation of diatoms (b, c; t-test, P > 0.05)
implying that more than just silica is needed to stimulate an effective diatom population (13)
through (14) show relative stable chlorophyll biomass throughout the study period. Considering
the seasonal decline in diatom growth, this trend suggests that cyanobacterial growth increased
from May to June.

Figure 16: Particulate Organic Phosphorus through the summer

Figure 16: The effect of alum treatment on availability of phosphorus was assessed by measuring
particulate organic phosphorus (PP) associated with seston (Fig. 16). Analysis using ANOVA
determined there was no significant difference between the Celina WTP control and the three
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marinas where the alum was initially tested. However when the alum was applied to a large scale
in early June, PP was higher in samples collected from the control site compared to mid-lake
locations receiving the alum treatment (one-way ANOVA, P < 0.001).

Figure 17. Concentration of Microcystins in ppb at the water treatment plant

Figure 17 shows us the levels of microcystin toxins throughout the early spring through late
summer. This data helps to determine when alum or cyanobacteria supressing chemicals should
be applied. With the intial bloom at the end of May, it is optimal for chemical treatment to take
place at the end of April or the beginning of May so that the lake will not have the proper
balance to support the bloom.

In conclusion, we found no evidence in support of an alum effect in promoting diatoms over
cyanobacteria. Whereas growth of diatoms was promoted during May when water temperatures
were cooler, there appeared to be no effect of dissolved silica on their growth.
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